We investigate the potential of single Higgs boson photoproduction at the LHC and at eγ mode of future linear e − e + collider to probe non-standard HZγ and Hγγ couplings. We consider the semi-elastic production process pp → pγp → pHqX at the LHC where q represents the quarks and X represents the remnants of one of the initial protons. We also study the single Higgs production through γe → He in the eγ collision at the future linear collider. We perform a model-independent analysis and obtain the sensitivity bounds on the non-standard Higgs couplings for both colliders.
I. INTRODUCTION
The Higgs boson predicted by Standard Model (SM) of particle physics was discovered by ATLAS and CMS Collaborations at Large Hadron Collider (LHC) [1, 2] . After its discovery, intense experimental studies have been carried out to reveal its properties and couplings to other SM particles [3] [4] [5] . Precise determination of the Higgs couplings will either confirm the gauge structure of SM, or provide signal of new physics beyond SM. In this paper we investigate the non-standard couplings of the Higgs to gauge bosons Z and γ through semielastic production of the Higgs boson at the LHC and single production at eγ mode of future linear e − e + collider. These production processes are electroweak in nature and provide clean channels with respect to deep inelastic proton-proton collision at the LHC. Therefore, they can be used to perform precision measurements of the Higgs couplings.
Non-standard Higgs couplings to gauge bosons have been constrained through several
Higgs decay processes at the LHC [3, [5] [6] [7] [8] [9] . There are also experimental constraints obtained from electroweak precision measurements at LEP and Tevatron [6-8, 10, 11] . One way to examine non-standard Higgs couplings is to employ the effective lagrangian method. In this method any contribution coming from new physics beyond SM is described by higher dimensional operators. These higher dimensional operators are added to the SM lagrangian and inversely proportional to some powers of Λ which is called the scale of new physics. In this paper we analyze non-standard HZγ and Hγγ couplings in a model independent way by means of the effective lagrangian formalism of Refs. [6] [7] [8] [12] [13] [14] [15] [16] . There are five C and P even dimension-6 operators which modify the Higgs boson couplings to Z and γ bosons [6] [7] [8] [12] [13] [14] [15] [16] :
where Φ is the scalar doublet, D µ is the covariant derivative,Ŵ µν = i is then modified by the following dimension-6 effective lagrangian:
where f n denote the non-standard couplings and Λ is the scale of new physics. After symmetry breaking, the effective lagrangian in Eq. (2) give rise to the following HZγ and Hγγ interactions [6] :
HZγ HA µν Z µν .
where V µν = ∂ µ V ν − ∂ ν V µ with V = A and Z field. The non-standard couplings g Hγγ , g
(1) HZγ and g (2) HZγ are related to the couplings f n appearing in the effective lagrangian (2) before symmetry breaking as
where s = sinθ W , c = cosθ W , θ W is the Weinberg angle and M W is the mass of the W boson. In the calculations presented in this paper the energy scale of new physics is taken to be Λ = 1TeV. The effective operators in (1) contribute also HZZ and HW W couplings.
Since the processes that we consider in this paper do not contain these couplings, we do not present the contributions coming from effective lagrangian (2) to HZZ and HW W . The effective operator O BW modifies also the W 3 − B mixing. It is stringently restricted by the electroweak precision measurements [14, 15, 17] . Therefore, during the analysis we set f BW = 0 and consider the contributions from four couplings f W W , f BB , f W and f B . For the purpose of simplicity, we will consider the following six different new physics scenarios:
In scenarios I−IV we impose three constraints and therefore we have one free parameter.
On the other hand, in scenarios V and VI two constraints are imposed and two parameters remain free. Here we should note the following important point: In this paper, we employ the set of bosonic operators in the Hagiwara-Ishihara-Szalapski-Zeppenfeld (HISZ) basis [15] . In scenarios II, V and VI we consider the contributions from these operators. However, we consider at most two of the couplings as independent parameters. Therefore, our scenarios do not overwhelm the degrees of freedom in the effective lagrangian.
HZγ and Hγγ interactions do not appear in the SM at the tree-level. However, they receive contributions at one-loop level. One-loop contributions to these interactions can be approximated to the following effective lagrangian [19, 20] :
Hγγ
HZγ HA µν Z µν
where, g
and g
(SM )
HZγ = α 4πν sin θ W (5.508 − 0.004i). Here, α is the fine structure constant and ν is the electroweak vacuum expectation value.
The semi-elastic single Higgs boson production at the LHC has been studied in Refs. [21, 22] . However, in these studies only non-standard HZγ coupling has been taken into account.
In our analysis of semi-elastic Higgs production we consider both non-standard HZγ and Hγγ couplings. We do not assume that HZγ and Hγγ couplings are independent from each other. We obtain bounds on f n couplings of the operators (1) before symmetry breaking which contribute to both HZγ and Hγγ. The non-standard Higgs couplings to gauge bosons have also been investigated at future linear e − e + collider and its eγ and γγ modes [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . The non-standard HZγ and Hγγ interactions were investigated through single production process γe → He in Refs. [24, 26] . In Ref. [26] the authors analyzed CP -odd interactions which are different from C and P even effective interactions that we consider.
In Ref. [24] the authors considered a similar (but not equivalent) effective lagrangian for the non-standard Higgs interactions. The difference is that the effective interaction proportional to g
HZγ (see Eq. (3)) was omitted in Ref. [24] . Another difference between our work and that of [24] is that Ref. [24] was published long before the discovery of Higgs boson. Therefore, the authors couldn't perform a detailed statistical analysis considering the exact value of the Higgs mass. In our analysis of single Higgs production γe → He, we perform a χ 2 test and estimate sensitivity of the linear collider based eγ collider to non-standard Higgs couplings for various integrated luminosity values.
II. SINGLE HIGGS PRODUCTION THROUGH PHOTON-PROTON COLLI-SION AT THE LHC
The LHC is designed as a high-energy proton-proton collider and the majority of the studies at the LHC focused on deep inelastic scattering (DIS) processes where both of the colliding protons dissociate into partons. On the other hand, it was firstly shown experimentally at the Fermilab Tevatron that complementary to hadron-hadron collisions, hadron colliders can also be studied as a photon-photon and photon-hadron collider [42] [43] [44] . Recent experimental studies by CMS and ATLAS Collaborations have verified the existence of such photon-induced reactions at the LHC [45] [46] [47] [48] [49] . It was also shown that these photon-induced processes at the LHC have a significant potential to probe new physics beyond the SM [47] [48] [49] . The photon-photon collisions take place when both of the incoming protons emit quasireal photons. These emitted quasireal photons can interact mutually and the photonphoton collision occurs as a subprocess of the proton-proton collision. Similarly when one of the incoming proton emits a quasireal photon then a photon-proton collision can occur.
These photon-proton collision processes are sometimes called semi-elastic processes due to their hybrid nature. Here, the essential point is the distinguishability of such photon-photon and photon-proton processes from those in which initial photons are described by propagators. According to equivalent photon approximation (EPA) [50] [51] [52] , emitted photons have a very low virtuality and up to a high degree of approximation they are accepted to be real. Furthermore, since the virtuality of the quasireal photons is very low, photon emitting protons do not generally dissociate into partons but they remain intact [53, 54] . After elastic photon emission protons generally deviate slightly from the direction of beam pipe and escape from the central detectors without interacting. This causes a missing energy signature known as the forward large-rapidity gap, in the corresponding forward region of the central detector [53] [54] [55] . Moreover, the LHC is planned to be equipped with very forward detectors which can detect intact protons escaping from the central detectors [56] [57] [58] . The installa-tion of very forward detectors should allow to separate more easily the photon-photon and photon-proton processes, where one or both of the incident protons remain intact [59] [60] [61] [62] .
The range of the forward detectors are characterized by the ξ parameter which represents the momentum fraction loss of the proton. If p represents the initial proton's momentum and p ′ represents forward proton's momentum after scattering then, ξ parameter is given by
In this paper, we will consider a forward detector acceptance range of 0.015
There is an increasing interest in probing new physics through photon-photon and photonproton collision at the LHC. Phenomenological studies on this subject have been growing rapidly in recent years and cover a wide spectrum of new physics scenarios. It is impossible to cite all of the references here, but some representative ones might be Refs. [21, 22, The semi-elastic single Higgs boson production can be studied through the process pp → pγp → pHqX at the LHC. This process consists of the subprocesses γq → Hq where q represents the quarks. We ignore the top quark distribution and consider 10 independent
In the presence of non-standard HZγ and Hγγ interactions the subprocess γq → Hq is described by the Feynman diagrams given in Fig.1 .
The semi-elastic process pp → pγp → pHqX consists of two different types of proton scattering; elastic photon emission takes place from one of the initial protons, whereas other initial proton interact strongly with the emitted photon and undergoes an inelastic scattering (Fig.2) . Therefore, the cross section for the semi-elastic process pp → pγp → pHqX is obtained by integrating the cross sections for the subprocesses over the photon and quark distributions:
Here,
are the equivalent photon and quark distribution functions, respectively.
The quark distribution functions can be evaluated numerically by using the code MSTW2008 [90] . In Eq.(8) the integral variable x 1 is the energy fraction that represents the ratio between the emitted equivalent photon and initial proton energy. The other variable x 2 represents the momentum fraction of the proton's momentum carried by the quark. The equivalent
is given by an analytical expression. We do not give its explicit form.
Its explicit form can be found in the literature (for example see [50] or [66] ). At the LHC energies where the energy of the incoming proton is much greater than its mass (E >> m p ), the ξ parameter is approximated as ξ ≈
Here, E and E ′ are the energy of the initial and final (scattered) proton and E γ is the energy of the equivalent photon.
Therefore, the upper and lower limits of the dx 1 integration are determined by the limits of the forward detector acceptance and we take x 1min = ξ min = 0.015, x 1max = ξ max = 0.15.
In Figs.3-6 , we plot the total cross section of the process pp → pγp → pHqX as a function of non-standard Higgs couplings for scenarios I-IV. In addition to new physics contributions we have also considered the effective lagrangian (7) that contains SM one-loop contributions.
For a concrete result we have obtained 95% confidence level (C.L.) bounds on non-standard couplings using the simple χ 2 criterion. The χ 2 function is given by
where, N N S is the number of events containing both new physics and SM contributions, 
where, E is the b-tagging efficiency, S is the survival probability factor, L int is the integrated luminosity and BR is the branching ratio for H → bb. σ SM represents the SM cross section and σ N S represents the cross section containing both new physics and SM contributions. We have taken into account a b-tagging efficiency of E = 0.6, survival probability factor of S = 0.7 and branching ratio of BR = 0.6. The survival probability factor of 0.7 was proposed for the single W boson photoproduction [91, 92] . We assume that same survival probability factor is valid for our process. Although the b-tagging efficiency is not constant but depends on many different parameters such as the jet transverse momentum, the algorithm used in the detector, etc. we assume a constant b-tagging efficiency of 0.6. According to experimental works a constant average value of 0.6 for b-tagging efficiency is reasonable [93] . We have also placed a pseudorapidity cut of |η| < 2. In Table I we present 95% C.L. bounds on non-standard f ww ,f w and f bb couplings for HZγ and g Hγγ . The scenario III and scenario IV isolate the couplings g (2) HZγ and g Hγγ respectively. Therefore, these scenarios give us the opportunity to compare our bounds with the experimental bounds of Ref. [5] . In scenario III, the experimental bound on can be converted to the bounds on f couplings as −13 < f BB < 12.6 and −12.6 < f W W < 13. Similarly, in scenario IV the experimental bound on a γγ 2 a 1 can be converted as −5.67 < f BB < 27.83 and −1.7 < f W W < 8.35. When we compare these bounds with the corresponding bounds given in Table I , we see that our bounds for the integrated luminosity of 200 f b −1 are approximately a factor of 3 better than the experimental bounds in the case of scenario III and approximately a factor of 2.5 better in the case of scenario IV.
III. SINGLE HIGGS PRODUCTION THROUGH PHOTON-ELECTRON COLLI-SION AT THE FUTURE LINEAR COLLIDER
The non-standard Hγγ and HZγ couplings can be investigated with a high precision at future linear e − e + collider and its eγ and γγ modes. We consider the single Higgs production in the eγ collision via the subprocess γe → He. The tree-level Feynman diagrams for γe → He is very similar to that of Fig.1, but an increasing photon spectrum as a function of the energy fraction y = E γ /E e , where E γ and E e represent the energy of the backscattered photon and initial electron beam, respectively [95, 96] . The backscattered photon spectrum is given by [95, 96] f γ/e (y) = 1 g(ζ)
[
where,
Here, ζ = 4E e E 0 /M 2 e and E 0 is the energy of initial laser photon before Compton backscattering. The ζ parameter can be taken to be ζ = 4.8 in which case the backscattered photon energy is maximized without spoiling the luminosity. Then, the upper limit of the energy fraction becomes y max = 0.83. The process γe → He takes part as a subprocess in the main e − e + collision. Therefore, the total cross section observed in the e − e + collision can be obtained by integrating the cross section for γe → He over the backscattered photon spectrum: 130 GeV is identified as the signal. In the χ 2 function the number of events is given by
We take into account a b-tagging efficiency of E = 0.6 and branching ratio of BR = 0.6. We assume that the central detectors have a pseudorapidity coverage of |η| < 2.5. Therefore, we place a cut of |η| < 2.5 for all final state particles.
The potential background process is γe → bbe. It is described by 8 tree-level Feynman diagrams and gives a total cross section of σ background = 4.1 × 10 −3 pb after imposing the cuts 120 GeV < M bb < 130 GeV and |η| < 2.5. Similar to the statistical analysis performed in the previous section, we assume that the background contribution cannot be discerned from Higgs production. Therefore, during statistical analysis we add the background contribution to the SM cross section and assume that σ N S(SM ) = (σ e − e + ) N S(SM ) +
BR
× σ background where (σ e − e + ) N S(SM ) is the integrated cross section defined in (12) . The subscript NS represents the cross section containing both new physics and SM contributions and subscript SM represents the SM cross section alone. The 95% C.L. bounds on non-standard f ww ,f w and f bb couplings are given in Table II for scenarios I-IV. We observe from Tables I and II that the bounds of Table II We can also compare the bounds of future linear collider with the current experimental bounds. The CMS bounds on f BB and f W W couplings have been given in the last paragraph of the previous section. When we compare these experimental bounds with the corresponding bounds given in Table II , we see that our bounds for the integrated luminosity of 200 f b
are approximately a factor of 8 better than the experimental bounds in the case of scenario III and approximately a factor of 20 better in the case of scenario IV.
IV. CONCLUSIONS
One of the prominent motivations of the future e − e + collider is that it provides clean experimental environment which allows to make high precision measurements [97, 98] . In deep inelastic hadron-hadron collisions, initial hadron beams dissociate into partons and create myriad of jets which cause uncertainties and make it difficult to discern the signals that we want to observe. Moreover, in hadron colliders there are systematic uncertainties arising from the proton structure functions, from unknown higherorder perturbative QCD corrections, and from nonperturbative QCD effects [98] . Lepton colliders do not suffer from these kind of uncertainties, and the level of precision is expected to be enhanced considerably compared to hadron colliders. On the other hand, ultraperipheral collisions in a hadron collider provides a unique opportunity to search for the physics beyond the SM in a rather clean environment with respect to deep inelastic hadron-hadron collisions. Exclusive and semielastic processes are examples of the reactions in an ultraperipheral collision. In semielastic Higgs production pp → pγp → pHqX only one of the incoming proton dissociates into partons but the other proton remains intact. The absence of the remnants of one of the proton beam, allows to discern the signal more easily. Furthermore, tagging the intact scattered protons in the forward detectors allows us to reconstruct quasireal photons' momenta.
The knowledge obtained in this way is very useful in reconstructing the kinematics of the reaction. The semi-elastic Higgs production is electroweak in nature and free from backgrounds containing strong interaction. Due to above reasons, the uncertainties associated with the Higgs detection for pp → pγp → pHqX are expected to be reduced considerably compared to deep inelastic processes at the LHC. Therefore, the comparison of the results obtained in semi-elastic production at the LHC and future e − e + collider is important and contributes to the physics program of the future e − e + collider.
In the paper, we consider similar subprocesses γq → Hq and γe → He at the LHC and at future e − e + collider. We investigate the potential of these two colliders to probe non-standard Higgs couplings. We show that eγ mode of the linear collider with center of mass energy of √ s = 0.5 TeV probes the non-standard HZγ and Hγγ couplings with better sensitivity than the γ-proton collision at the LHC. The improvement factor depends on the coupling and the luminosity, but roughly the bounds are improved by a factor of 5. V is taken into consideration. The main e − e + collider energy is taken to be √ s = 0.5TeV. is taken into consideration. The main e − e + collider energy is taken to be √ s = 0.5TeV.
